Aggregation is a major problem for hydro- 8 phobic carbon nanomaterials such as carbon nanotubes 9 (CNTs) in water because it reduces the effective particle 10 concentration, prevents particles from entering the medium, 11 and leads to unstable electronic device performances when a 12 colloidal solution is used. Molecular ligands such as surfactants 13 can help the particles to disperse, but they tend to degrade the 14 electrical properties of CNTs. Therefore, self-dispersed 15 particles without the need for surfactant are highly desirable. 16 We report here, for the first time to our knowledge, that CNT 17 particles with negatively charged hydrophobic/water interfaces 18 can easily self-disperse themselves in water via pretreating the 19 nanotubes with a salt solution with a low concentration of 20 sodium hypochlorite (NaClO) and sodium bromide (NaBr). The obtained aqueous CNT suspensions exhibit stable and superior 21 colloidal performances. A series of pH titration experiments confirmed the presence and role of the electrical double layers on the 22 surface of the salted carbon nanotubes and of functional groups and provided an in-depth understanding of the phenomenon.
76 >95% carbon basis, and 0.78 nm average diameter. To disperse the 77 SDWNTs, we mixed 0.064 g of SDWNTs, 30 mL of aqueous NaClO 78 solution, and 2.073 g of NaBr and sonicated the mixture in a regular 79 bath solicitor for 60 min. Then, we removed all the supernatant by 80 using a centrifuge operated at 4000 rpm for 2 min, leaving behind 81 SDWNT slurry, to which we then added 30 mL of pure water. 82 Afterward, we sealed the resulting salted-SDWNT slurry in a bag made 83 of Spectra/Por1 dialysis membrane (64 mm tubing diameter and 6−8 84 kDa pore width) to reduce residual chemicals. The dialysis bag was 85 immersed in 5000 mL of deionized water. Purification completed after 86 we changed the 5000 mL water every 12 h for 10 days. The 87 concentration of the purified salted-SDWNT aqueous colloidal 88 solution was adjusted to its original value (2 mg mL −1 ). To adjust 89 the pH of various suspensions, we added 0.01 M HCl or NaOH 90 aqueous solution to the salted-SDWNT or neat-SDWNT colloidal 91 solution. Vacuum filtration to obtain free-standing salted-SDWNT 92 films was performed using a 47 mm diameter vacuum filter assembly 93 (Wheaton Company). The filter we used was made of 47 mm 94 diameter polycarbonate (PC) film with 0.05 μm pores (Whatman 95 Company). After filtration, the salted-SDWNT films were then dried 96 in a vacuum oven for 12 h at 100°C, which were used for FTIR and 97 Raman spectroscopy measurements. Step 1: dispersion process of dissolving SDWNT powder into NaClO/NaBr salted solution at 2 mg mL −1 SDWNT concentration, by using bath sonication for 60 min.
Step 2: the purification process of removing NaClO/NaBr solution from dispersed SDWNTs slurry by dialysis.
Step 3: demonstration of colloidal stability of the salted-SDWNT aqueous colloidal solution at 2 mg mL −1 , with photos taken every day for 1 week.
■ RESULTS AND DISCUSSION 126 f1 Figure 1a shows that by using regular bath sonication for 60 127 min in low-concentration dispersants of NaClO and NaBr, high 128 concentration up to 2 mg mL −1 aqueous colloidal solutions 129 with single-and double-walled carbon nanotubes (SDWNTs) 130 can be achieved. First, one of the dispersants, NaClO, was 131 dissolved in the aqueous solution at 5 wt %. NaBr powder was 132 then added at a molar ratio of 1 to 1 with respect to NaClO. 133 Figure 1b shows the pH titration experiment results on 134 obtained salted-SDWNTs, which will be used later to 135 understand the underlying phenomenology. . (a−h) Dissolution process of dropping 5 mL of salted-SDWNT colloidal solution (2 mg mL −1 ) into fresh water to observe its homogeneity in a diluting process. (i) UV−vis spectra of salted-SDWNT aqueous suspensions as treated with different salting times. Pure-SDWNT suspended in water was also presented as a control. All samples were diluted to 0.002 mg mL −1 for the UV−vis measurement. (j) UV−vis−NIR spectra of aqueous "CoMoCAT"-type SWCNTs suspensions, which were previously dispersed by either NaClO/NaBr or each one of them as a dispersant. Samples were diluted 100 times for the measurements. (k, l) UV−vis−NIR spectra of aqueous UV−vis−NIR spectra of aqueous "CoMoCAT"-type SWCNT suspensions. These SWCNT suspensions were dispersed by different NaClO/NaBr concentrations, i.e., from 0.67 to 0.000 067 M (NaClO % in water). NaBr:NaClO ratio remained 1:1 in all samples. 141 dissolved SDWNTs was purified (step 2). This process 142 included dispersant removal by centrifuge to extract SDWNT 143 slurry. The SDWNT slurry together with additional fresh water 144 was then sealed in a dialysis bag, which was immersed in a 145 container filled with a large volume of deionized water, to 146 remove the majority of NaClO/NaBr chemicals. The dialysis 147 took 10 days by changing the dialysis water twice a day. Finally, 148 we adjusted the purified salted SDWNTs to the initial 149 concentration of 2 mg mL −1 . As shown in step 3, the salted-150 SDWNTs remained stable for a week without phase separation 151 or the formation of aggregates, implying that the salted-152 SDWNTs dispersed well in the aqueous solution. 153 Next, we diluted the salted-SDWNT aqueous colloidal f3 154 solution from 2 to 0.01 mg mL −1 (Figure 3 ) to see its 155 homogeneity. For this, 5 mL of the salted-SDWNT colloidal 156 solution was dropped into 1000 mL of fresh water. A 157 spontaneous diffusion completed in approximately 205 s, 158 until we saw a homogeneous SDWNT dispersion. A similar 159 phenomenon for the diffusion of CNTs in water was also 160 reported. 1,9 However, in that report, it only became possible by 161 pretreating SDWNTs in oleum (>100% fuming sulfuric acid), 162 which caused an expansion of the tube−tube distance between Langmuir XXXX, XXX, XXX−XXX To clarify the effect of the salts on the dispersion of the 176 carbon nanotubes, we performed two experiments. First, we 177 observed the optical transition (S11, S22, etc.) measured by 178 UV−vis−NIR on another type of tube with small diameter 179 (Figure 3j ). In Figure 3j , after disintegration, the blue-shift of 180 peaks of SWNTs is observed, which behaves similarly to 181 surfactant-dispersed ones. 19 Second, we measured the quality of 182 the dispersion of the small diameter CNTs upon different 183 amounts of NaClO/NaBr addition (Figure 3k ,l). We observed 184 different absorbance at all wavelengths (Figure 3k ,l) when 185 changing the concentration of NaClO/NaBr. Obviously, the 186 concentration of NaClO/NaBr influenced the dispersion of 187 carbon nanotubes in water for two reasons: (1) NaClO/NaBr 188 are physically "soaked up" by tubes; the more NaClO/NaBr 189 cations or anions in water, the longer the tube−tube distance is 190 by the effect of intercalation. (2) The higher light absorbance 191 could be caused by a stronger oxidizing effect (mainly ClO − ). 192 However, it seems that the diluted salt solution did not disperse 193 the SDWNT well; see the 0.0067, 0.000 67, and 0.000 067 M 194 samples in Figure 3l . There should be a critical amount of ions 195 (threshold at 0.0067 M) surrounding the tubes for it to 196 overcome the high surface energy of water and to be fully 197 suspended in water. 198 We have not observed severe structural damage or 199 morphology change in the salted-SDWNT. Both AFM and Langmuir XXXX, XXX, XXX−XXX 229 environment. 21 The mass loss of salted-SDWCNTs at around 230 350°C can be attributed to the removal of the groups created 231 on the nanotubes after the slight oxidation. The presence of 232 absorbed salts can be discerned from the higher mass 233 percentage left after heating up to 900°C in salt-treated 234 SDWCNTs (29.3%) as compared to pristine-SDWCNTs (less 235 than 20%) ( Figure 4f ). 236 One important thing to be mentioned is that after treating 237 the nanotubes in a solution with such a high molar ratio of salts 238 (the molarity of the salted solution is equal to 1.34 M), no 239 noticeable attenuation of dispersibility was seen after the 240 attempt to remove the ClO − ions from surface of the 241 nanotubes, as proved from both the dialysis cycle and the 242 dilution shown in Figure 3a −h. Therefore, we postulate that the 243 removal of ClO − is difficult. The reason why the ClO − affinity 244 to the SDWNTs is so high can be linked to the interactions 245 existing between the SDWNTs (electron donor) and ClO − 246 ions (electron acceptor) as postulated by Knorr et al. 22 In their 247 study, SWNTs were adsorbed to a small molecule (electron 248 acceptor: o-nitrotoluene carrying =O and O − ), and this 249 changed the solubilization of SWNTs because the energy of 250 interaction of the as-created complex was larger than the forces 251 of π−π stacking, which in turn made the repulsion between 252 nanotubes larger than the tube−tube attraction. Their study has 253 similarity to ours, as in our salt system the electron-acceptor 254 moieties are being used to induce a noncovalent functionaliza-255 tion of SDWNTs which, combined with the slight oxidation of 256 the tubes, allows their efficient and stable dispersion. 257 FT-IR ( Figure 4g ) measurements proved that the salt-treated 258 SDWNTs (used powders were believed not reduced after 259 drying at 100°C for overnight) experienced a certain degree of 260 covalent surface modification with the attachment of carboxylic 261 groups. In fact, we can discern a small new absorbance band 262 due to COOH stretching (approximately 3300 cm −1 ) and 263 various peaks attributed to the presence of COO − in the range 264 between 2000 and 1500 cm −1 . 23−25
265
Raman spectroscopy provides a semiquantitative measure of 266 the degree of nanotube destruction by the relative size of the D 267 band (disordered carbon) and the G band (graphite). Three 268 Raman spectra including the neat-SDWNTs, the SDWNTs 269 after only sonication, and the salted-SDWNTs after purification 270 and drying are shown in Figure 4h . First, the D band appears 271 almost flat at sonication, suggesting the starting material 272 SDWNTs have a high crystallographic structure. 8 Its intensity 273 increases with salt treatment, implying that the salted treatment 274 causes a certain degree of modification on the nanotubes. Note 275 that this change in the D-band intensity is probably reinforced 276 by an intercalation of salts into SDWNTs, which changes their 277 graphitic perfection. 26 In order to explain why the salted-278 SDWNTs easily mixed in water, we proceeded by determining 279 the role of the electrolytes. 280 A series of pH titration experiments were performed on these 281 solutions to probe the electrical double layers (EDL) of the 282 salted SDWNTs, and photos of CNT agglomerations upon pH 283 titration are shown in Figure 1c ; the experimental results on f5 284 EDL are plotted in Figure 5 . As sketched in Figure 5c , 285 stabilization of colloidal solutions is believed to be ascribed to 286 oxidation and the electrostatic repulsion between colloidal 287 particles caused by an EDL, originating from either ion 288 enrichment or introduced by chemical bonding (yellow marked 289 layer indicates chemical charges introduced by oxidation). Note 290 that there is a term called the point of zero charge (PZC) 291 characterizing the EDL. 28 The PZC is the pH value at which a 292 solid material submerged in electrolyte exhibits zero electrical 293 charge on the particle surface. We use the pH titration 294 approach to probe the PZC values for both colloidal solutions 295 with pristine-and salted-SDWNTs. 296 The zeta (ζ)-potential values, which is the electric potential Where do these charges originate? In our first step, dissolving 377 NaClO/NaBr induces ionization of salts and introduces 378 negative anions into the dispersing medium (electrolyte), e.g., 379 OH − , ClO − , and Br − ; these ions are believed present in the 380 solution when the system is in equilibrium: (1) 382 The addition of sodium bromide into sodium hypochlorite 383 generates no new ionic species. Based on ζ-potential experi-384 ments, there is likely a strong ionic enrichment that facilitates 385 the formation of the electrical double layer (EDL) (Figure 5c ). 386 
